Introduction {#Sec1}
============

Epithelial ovarian cancer (EOC) is the most lethal cancer in female genital tumors due to absence of screening methods and limited treatments to recurrence \[[@CR1]\]. Among the main subtypes of this disease, high-grade serous ovarian carcinoma (HGSOC) accounts for majority part \[[@CR2]\]. Prognosis of patients with advanced stages (International Federation of Gynecology and Obstetrics, FIGO stage III--IV) has met marginal improvement even with unceasing development of technology and medicine \[[@CR1]\]. Hence, it's urgent to identify new disease markers and discover novel therapeutic strategies.

Receptor tyrosine kinases (RTKs) family are found to play critical roles in embryo development and disease progression \[[@CR3]\]. Receptor tyrosine kinase-like orphan receptors (RORs) form a small subfamily of RTKs, featured by a conserved domain architecture and composed of two members, ROR1 and ROR2, located in chromosome 1 and 9, respectively \[[@CR4], [@CR5]\]. ROR RTKs have always been deemed to be tumor promoters, especially ROR1, which has been reported to be involved in tumor progression in multiple cancers \[[@CR6]--[@CR10]\]. Different from ROR1, character of ROR2 in tumors has faced a bit of controversy recently. Compared with the opinion that ROR2 works as tumor promoter in initial studies, more and more researches show ROR2 plays dual roles in tumors depending on tumor type and tumor context. ROR2 played as tumor promoter in renal cancer \[[@CR11]\], chronic lymphocytic leukemia \[[@CR12]\], malignant melanoma \[[@CR13]\], whereas its high expression was shown to be related with better prognosis in patients with colorectal cancer \[[@CR14], [@CR15]\], liver cancer \[[@CR16]\], medulloblastoma \[[@CR17]\] and endometrial cancer \[[@CR18]\]. Different roles were even played within the same kind of tumor \[[@CR19]\]. The research status urged us to review ROR2 considering cell type and context. ROR RTKs were referred as orphan receptors for decades initially as no ligands were identified \[[@CR20]\]. Then intimate connection with Wnt family indicates that ROR2 regulates tumor biological behavior through canonical or non-canonical Wnt signaling pathway \[[@CR20]--[@CR22]\], and additional downstream effectors include Rho-family GTPases, JNK cascade, and the like \[[@CR23]--[@CR25]\]. ROR2 has also been found to antagonize AKT signaling, thus inhibited the growth, invasion and migration of tumor cells \[[@CR26]\]. For ROR2 and its downstream cascades there is a need for more research.

In this study, we detected expression of ROR2 was significantly lower in HGSOC tissues compared to normal fallopian tube epithelium (FTE) or ovarian surface epithelium (OSE) tissues. HGSOC patients with advanced FIGO stages or positive lymph nodes were prone to express lower ROR2. Data showed patients with advanced stages expressed lower ROR2. We further demonstrated ROR2 inhibited cell proliferation and induced cell apoptosis in HGSOC cells. RNA-sequencing and western-blot results confirmed ROR2 induced endoplasmic reticulum stress (ERS), which clarified the underlying mechanism. All we found revealed a novel character ROR2 played in HGSOC.

Materials and methods {#Sec2}
=====================

Cell lines and culture conditions {#Sec3}
---------------------------------

The human epithelial ovarian cancer cell lines HEY, OV-90 and HO-8910 were purchased from the Cell Bank of the Chinese Academy of Sciences in Shanghai, China. The HEY cells and A2780 cells were cultured in DMEM medium and RPMI-1640 medium respectively with 10% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. The HO-8910 cells were cultured exactly like A2780 cells. The OV-90 cells were cultured in half MCDB 105 medium and half 199 medium with 15% bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin. Cells were cultured at 37 °C in 5% CO~2~ and 95% air.

Chemical inhibitors and antibodies {#Sec4}
----------------------------------

The chemical Kira6 (IRE1α kinase inhibitor) was purchased from Selleck, TX, USA. The antibodies ROR2, caspase3, caspase7, PARP, cleaved caspase3, cleaved caspase7, cleaved PARP, BIP, CHOP, IRE1α, c-Jun, phosphorylated IRE1α, phosphorylated JNK(Thr183/Tyr185), phosphorylated c-Jun(Ser73) and β-actin used for western-blot assay were purchased from Cell Signaling Technology, MA, USA. The antibodies Bcl-2, Bax and JNK used for western blot assay were purchased from Santa Cruz, CA, USA. The antibody phosphorylated IRE1α(Ser724) used for western-blot assay was purchased from Abcam, Cambridge, UK. The antibodies ROR2, BIP and CHOP used for immunohistochemistry were purchased from Abcam, Cambridge, UK.

Tissue samples for western-blot assay {#Sec5}
-------------------------------------

Tissue samples were collected from 23 HGSOC patients who underwent surgical resection at Qilu Hospital of Shandong University in first half of 2019. The ages ranged from 41 to 80 (median: 62 years). 21.8% patients were diagnosed at early stages (FIGO stage I--II) and the others were diagnosed at advanced stages (FIGO stage III--IV). All patients were diagnosed based on clinical protocols without previous neo-adjuvant chemotherapy or immunotherapy. Meanwhile, fimbriae of the fallopian tubes were collected from 23 patients receiving bilateral salpingectomy with benign neoplasms at the same hospital as normal control tissues.

GEO data sets analysis {#Sec6}
----------------------

Gene expression profiles of GSE69428, GSE40595 and GSE18520 were downloaded from Gene Expression Omnibus (GEO). Dataset GSE69428 included HGSOC and paired normal FTE samples from 10 independent patients. Dataset GSE40595 included epithelial tumor samples from 32 HGSOC patients and 6 normal OSE samples. Dataset GSE18520 included 53 HGSOC tissue samples and 10 normal OSE samples. All the samples were isolated laser based microdissection using the Affymetrix human genome U133 Plus 2.0 microarray. The "limma" package was used to analyze differentially expressed genes (DEGs) between HGSOC and normal FTE or OSE samples. The adjusted *P* \< 0.05 and \|log2fold change (FC)\| \> 1 were set as the cut-off criteria. Adjusted value (adj. *P*) was applied to correct false-positives.

Adenovirus transfection and chemical treatment {#Sec7}
----------------------------------------------

The adenovirus was purchased from Vigene Bioscience in Jinan, China. Cells were suspended with normal culture medium and seeded in 6-well plate at 20 × 10^4^ cells/well overnight to adhere. Volume of adenovirus was measured according to the MOI (volume = \[cell number × MOI\]/virus titer, MOI~HEY~ = 50, MOI~OV-90~ = 50, MOI~HO-8910~ = 30). After transfected in opti-MEM with adenovirus for 6 h, normal culture medium was replaced for the following cultural. To examine the effects of IRE1α kinase inhibitor on apoptosis and relevant molecules, HEY and HO-8910 cells were first infected with ROR2 overexpression or negative control adenovirus for 6 h and then treated with 2 μM Kira6 for 72 h before collecting for the following assays.

Immunohistochemistry assay {#Sec8}
--------------------------

The patient tissue chip was purchased from Alenabio, Xian, China. Fresh tissues from tumor xenograft were fixed with 4% paraformaldehyde for 24 h before dehydrated and embedded in paraffin. Tissue sections were torrefied for 1 h and dewaxed with xylene and ethyl alcohol. The microwave antigen retrieval technique was used to repair the antigen. Sections were incubated with 3% H~2~O~2~ for 20 min to block endogenous peroxidase activity and incubated with goat serum for 30 min to block non-specific antigens. Then sections were incubated with primary antibodies (ROR2, 1:400, BIP, 1:300, CHOP: 1:300) overnight at 4 °C. After incubated with biotin-labeled goat anti-rabbit IgG polymer and horseradish enzyme-labeled streptomycin for 30 min, respectively, positive signals were detected with DAB reagent and quantified by Image-Pro Plus software 6.0 (Media Cybernetics, USA). The same setting was used for all the analyzed tissues to be accurate for the staining reading. Integrated optical density (IOD) and size of the total area was measured in each field, and staining score was formulated as IOD/size.

Western-blot assay {#Sec9}
------------------

Cells were washed with 1× PBS for 3 times and cells lysates were prepared in RIPA lysis buffer with 1% phenylmethanesulfonyl fluoride (PMSF) and 1% sodium fluoride. Protein concentrations were detected with BCA protein assay kit (Beyotime, Beijing, China). Total proteins were separated on a 12% polyacrylamide gel and transferred to a polyvinylidene fluoride membrane. Membranes were blocked with 5% defatted milk for 1 h at room temperature and incubated with the primary antibodies overnight at 4 °C. Then membranes were washed with 1× TBS and incubated with appropriate secondary antibodies. Bands were detected using chemiluminescent substrate (Thermo Fisher Scientific Inc., MA, USA) and quantified by ImageJ software (National Institutes of Health, USA). The β-actin band was served as control.

Quantitative real-time transcription-polymerase chain reaction {#Sec10}
--------------------------------------------------------------

Total RNA of cells was extracted and concentration and purity were detected using spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Then the RNA (3000 ng/20 μl reaction system) was transcribed into cDNA. PCR reaction was performed on StepOne™ PCR amplifier (Applied Biosystems, USA) with SYBR-green (TAKARA, Japan) in a 10 μl reaction system, and β-actin was used as the control. Primers for human ROR2 gene were as follows: forward: 5′-GTGCGGTGGCTAAAGAATGAT-3′, reverse: 5′-ATTCGCAGTCGTGAACCATATT-3′. Relative gene expression levels were normalized to β-actin. Primers for β-actin gene were as follows: forward: 5′-CTCACCATGGATGATGATATCGC-3′, reverse: 5′-AGGAATCCTTCTGACCCATGC-3′.

MTT assay {#Sec11}
---------

After transfected with negative control or ROR2 adenovirus, cells were suspended at respective concentrations (HEY 1500 cells/100 μl, OV-90 2500 cells/100 μl, HO-8910 2000 cells/100 μl) and seeded in 96-well plates (100 μl/well) overnight to adhere. 10 μl MTT solution (5 mg/ml) was added into every well at fixed time from Day1 to Day6. After incubated at 37 °C for 4 h, supernatant liquor was discarded and 100 μl DMSO was added in every well to dissolve the formazan. Absorbance was read at 490 nm using a microplate reader (Tecan Group Ltd., Männedorf, Switzerland).

Colony formation assay {#Sec12}
----------------------

After transfected with negative control or ROR2 adenovirus for 24 h, cells were suspended at respective concentrations (HEY 500 cells/2 ml, OV-90 1000 cells/2 ml, HO-8910 500 cells/2 ml) and seeded in 6-well plate (2 ml/well). After incubated at 37 °C for 12 days, cells were fixed with 4% paraformaldehyde for 5 min and stained with crystal violet (Beyotime, Beijing, China) for 30 min.

Transwell assay {#Sec13}
---------------

Cells transfected with negative control or ROR2 adenovirus for 72 h were suspended at respective concentrations (HEY 5 × 10^4^ cells/200 μl for invasion and 3 × 10^4^ cells/200 μl for migration, HO-8910 8 × 10^4^ cells/200 μl for invasion and 5 × 10^4^ cells/200 μl for migration) and seeded in transwell chambers (8 μm pore size; Corning Costar, MA, USA) with or without Matrigel (60 μl, 1:9 dilution in serum free medium, BD Biosciences, CA, USA). After incubated at 37 °C for 24 h, cells were fixed with 4% paraformaldehyde for 5 min and stained with crystal violet (Beyotime, Beijing, China) for 30 min. Images were taken with JEM-1200 EX II Electron Microscope (JEOL, Tokyo, Japan).

Flow cytometry assay {#Sec14}
--------------------

Flow cytometry assay was used to detect the apoptotic ratio of HGSOC cells. After transfected with negative control or ROR2 adenovirus for 72 h, cells were digested with tyrisin without EDTA and suspended at 1 × 10^6^ cells/ml. Cells (100 μl/tube) were dyed with 5 μl fluorescein isothiocyanate (FITC) Annexin-V and PI and 5 μl propidium iodide (PI) (BD, NJ, USA). After incubated at room temperature for 15 min, 400 μl binding buffer was added into each tube and cells were collected with flow cytometry (BD Biosciences, San Jose, CA, USA). Quantitative analysis of apoptotic ratio was performed by CellQuest Pro software (BD Biosciences, Franklin Lakes, NJ, USA).

RNA sequencing assay {#Sec15}
--------------------

HO-8910 cells were seeded in culture dish at 1.5 × 10^6^ cells/dish (55 cm^2^) overnight to adhere. Volume of ROR2 overexpression and negative control adenovirus were calculated with MOI of 30. After transfected for 6 h, cells were changed with normal medium. After 48 h, cells were disrupted with Trizol Reagent (Thermo Fisher Scientific Inc., MA, USA) and sent to Novogene Corporation (Beijing, China) for whole transcriptome sequencing. The libraries were sequenced using the IlluminaHiSeq™ 4000 sequencing platform.

Plasmid extraction, siRNA and transfection assay {#Sec16}
------------------------------------------------

The plasmid was purchased from Genechem, Shanghai, China. 1 μg plasmid was transfected into competent cells. Shaking flask culture with 100 μg/ml ampicillin was used for amplification of bacteria. Then plasmids were extracted with plasmid extraction kit (Omega, GA, USA) and the concentration and purity were measured with spectrophotometer (Thermo Fisher Scientific Inc., MA, USA). Lentivirus expressing ROR2 packaged with psPAX2 (Addgene, MA, USA) and pMD2G (Addgene, MA, USA) were produced in HEK293T cells with Lipofectamine 2000 (Invitrogen, CA, USA). Stable cells were selected for 10 days in medium with 4 μg/ml puromycin (Solarbio, Beijing, China) after transfection by Lentivirus for 12 h. The small interfering RNA (siRNA) targeting IRE1α was synthesized by BioSune (BioSune, Shanghai, China). Cell transfection was performed using Lipofectamine 2000 (Invitrogen, CA, USA).

Tumor xenograft experiment {#Sec17}
--------------------------

To verify the effects of ROR2 on ovarian cancer in vivo, ROR2 stable overexpression cells were constructed with Lentivirus PCMV-ROR2. Cells transfected with PCMV-NC were used as control. 1 × 10^7^ cells in 100 μl PBS were injected subcutaneously into either side of the armpit of the same 4-week-old nude female mice. Tumor sizes were measured every other day 10 days after injection. Sizes of tumors were measured (Volume = \[length × width^2^\]/2) with vernier caliper every other day. Mice were sacrificed 33 days after injection and tumors were removed and weighted. Part of the tumors were fixed with 4% paraformaldehyde for immunohistochemistry and the others were used for western-blot assay. The research was approved by the Experimental Animal Ethics Committee of Qilu Hospital of Shandong University (Approval number: KYLL-2016-338).

Statistical analysis {#Sec18}
--------------------

All experiments were repeated three times at least. Data were analyzed with Mann--Whitney test, Student's *t* test or 2way Analysis of Variance (ANOVA) test and shown as mean ± standard error of mean (SEM). Statistical significance was defined as *P* \< 0.05. All the statistical analysis was performed using GraphPad Prism Version7.00 (GraphPad Software, USA).

Results {#Sec19}
=======

ROR2 was downregulated in HGSOC tissues and its expression was correlated with FIGO stages {#Sec20}
------------------------------------------------------------------------------------------

To detect whether ROR2 expression altered in HGSOC development, we analyzed ROR2 protein level in 23 HGSOC patients and 23 normal control tissues. The expression of ROR2 was significantly down-regulated in HGSOC tissues compared to fallopian tube tissues (Fig. [1](#Fig1){ref-type="fig"}a, b). Then gene expression data including HGSOC tissues and normal FTE or OSE tissue samples were downloaded from GEO and mRNA level of ROR2 was analyzed with the "limma" package. Consistent with our western-blot result, transcription level of ROR2 in HGSOC was lower than that in normal FTE or OSE tissues (Fig. [1](#Fig1){ref-type="fig"}c). To explore the alteration of ROR2 in HGSOC progression, we detected the expression of ROR2 by immunohistochemistry (IHC) in 81 patients with HGSOC. The data showed patients with advanced stages (FIGO stage III--IV) or positive lymph nodes were prone to express lower ROR2 (Fig. [1](#Fig1){ref-type="fig"}d--f). The clinicalpathological characteristics of HGSOC patients were shown in Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}.Fig. 1ROR2 was downregulated in HGSOC tissues and its expression was correlated with HGSOC FIGO stages. **a** Western-blot assay was used to detect the expression of ROR2 in 23 HGSOC tissues and 23 normal fallopian tube tissues. **b** Quantitation of western-blot assay bands shown in **a** using Image J. Statistical analysis was performed using Student's *t* test. **c** Validation of ROR2 expression from 3 GEO databases, GSE69428, GSE40595 and GSE18520. The mRNA level of ROR2 was analyzed with the "limma" package using Student's *t* test. **d** Immunohistochemical staining was used to detect the expression of ROR2 in 81 HGSOC tissue samples. **e** The intensities of IHC staining were quantitated by Image-Pro Plus 6.0. ROR2 IHC scores in different FIGO stages were analyzed with Mann--Whitney test. **f** The intensities of IHC staining were quantitated by Image-Pro Plus 6.0. ROR2 IHC scores in patients with different lymph nodes status were analyzed with Mann--Whitney test. LN−: patients with negative lymph nodes. LN+: patients with positive lymph nodes. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 for statistical analysis of the indicated groupsTable 1Patients characteristics of western-blot assayCharacteristicsCohort (n = 23)\
No. of patients (%)Age \< 504 (17.4%) ≥ 5019 (82.6%)Histology type Serous23 (100%)FIGO stage I2 (8.7%) II3 (13.1%) III17 (73.9%) IV1 (4.3%)Pathological grade High-grade23 (100%)Table 2Patients characteristics of IHC assayCharacteristicsCohort (n = 81)\
No. of patients (%)Age \< 5031 (38.3%) ≥ 5050 (61.7%)Histology type Serous81 (100%)FIGO stage I27 (33.3%) II15 (18.5%) III37 (45.7%) IV2 (2.5%)Lymph nodes Negative59 (72.8%) Positive22 (27.2%)Pathological grade High-grade81 (100%)

ROR2 overexpression inhibited proliferation and colony formation of HGSOC cells {#Sec21}
-------------------------------------------------------------------------------

Then we detected the expression of ROR2 in 4 HGSOC cell lines. The result showed that ROR2 was barely expressed in HEY, OV-90 and HO-8910 cells compared to A2780 cells (Fig. [2](#Fig2){ref-type="fig"}a). Thus, we chose these three cell lines to create ROR2 overexpression model. Western-blot and RT-PCR results confirmed successful overexpression of ROR2 (Fig. [2](#Fig2){ref-type="fig"}b, c). After successful overexpression of ROR2 in HEY, OV-90 and HO-8910 cells, MTT result showed that the proliferation ability was significantly repressed (Fig. [2](#Fig2){ref-type="fig"}d). Then we used colony formation assay to measure the long-term effects of ROR2 on the proliferation ability of HGSOC cells. The result was consistent with the MTT assay (Fig. [2](#Fig2){ref-type="fig"}e, f). The transwell assay showed the invasion and migration abilities of HEY and HO-8910 cells in ROR2 overexpression group were significantly suppressed compared to the negative control (NC) group (Additional file [1](#MOESM1){ref-type="media"}: Figure S1a, b). Then we detected the expression of epithelial mesenchymal transition (EMT) related markers, like N-cadherin, Vimentin and Keratin to verify the result. However, the expression of these proteins did not change significantly (Additional file [1](#MOESM1){ref-type="media"}: Figure S1c).Fig. 2ROR2 overexpression inhibited proliferation and colony formation of HGSCO cells. **a** Western-blot assay was used to detect the expression of ROR2 in HEY, A2780, OV-90 and HO-8910 cells. **b** Western-blot assay was used to detect the protein expression of ROR2 in HEY, OV-90 and HO-8910 cells after being transfected with ROR2 overexpression or negative control adenovirus for 72 h. **c** PCR assay was used to detect the mRNA expression of ROR2 in HEY, OV-90 and HO-8910 cells after transfected with ROR2 overexpression or negative control adenovirus for 48 h. **d** HEY, OV-90 and HO-8910 cells were transfected with ROR2 overexpression or negative control adenovirus, and proliferation ability of the transfected HGSOC cells was detected at a fixed time for 6 days by MTT assay. The growth curves were analyzed using 2way ANOVA test. **e** HEY, OV-90 and HO-8910 cells were transfected with ROR2 overexpression or negative control adenovirus for 24 h before being planted into six-well plates for colony formation assay. The colony formations were harvested after 12 days. **f** Colony formations were counted and analyzed with Student's *t* test. *NC* negative control. All experiments were repeated three times at least. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 for statistical analysis of the indicated groups

ROR2 overexpression induced cell apoptosis of HGSOC cells {#Sec22}
---------------------------------------------------------

Considering that the decrease of cell viability could result from the induction of cell apoptosis, flow cytometry assay was used to detect whether upregulation of ROR2 could induce apoptosis of EOC cells. After transfected with ROR2 overexpression adenovirus for 72 h, HEY, OV-90 and HO-8910 cells went significantly apoptosis indicated by positive staining with Annexin-V and PI compared to the NC group (Fig. [3](#Fig3){ref-type="fig"}a, b). Then western-blot assay were used to detect the expression of proteins involved in apoptosis. Consistent with flow cytometry analysis, Bcl-2 was significantly downregulated, while Bax, cleaved caspase7, cleaved caspase3 and cleaved PARP were significantly upregulated in ROR2 overexpression group (Fig. [3](#Fig3){ref-type="fig"}c, d). These results suggested that upregulation of ROR2 could induce cell apoptosis in ovarian cancer cells.Fig. 3ROR2 overexpression induced cell apoptosis of HGSCO cells. **a** HEY, OV-90 and HO-8910 cells were transfected with ROR2 overexpression or negative control adenovirus for 72 h. Apoptosis was detected by flow cytometry after staining with FITC Annexin-V and PI. **b** Quantitive analysis of apoptotic ratio in HEY, OV-90 and HO-8910 cells with CellQuest Pro software. Statistical analysis was performed with GraphPad Prism using Student's *t* test. **c** HEY, OV-90 and HO-8910 cells were transfected with ROR2 overexpression or negative control adenovirus for 72 h. Expression of ROR2, Bcl-2, Bax, caspase3, cleaved caspase3, caspase7, cleaved caspase7, PARP and cleaved PARP were determined by western-blot assay. β‑actin was used as a loading control. **d** Quantitation of wester-blot assay bands shown in **c** using Image J. Statistical analysis was performed using Student's *t* test. NC: negative control. All experiments were repeated three times at least. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 for statistical analysis of the indicated groups

ROR2 overexpression induced endoplasmic reticulum stress and modulated IRE1α/JNK/CHOP signalling {#Sec23}
------------------------------------------------------------------------------------------------

To explore how ROR2 induced ovarian cancer cells to apoptosis, whole transcriptome sequencing was used to identify the differentially expressed genes. Compared to the NC group, there were 719 upregulated genes and 1260 downregulated genes in the ROR2 overexpression group (Additional file [2](#MOESM2){ref-type="media"}: Figure S2a, b). Gene ontology enrichment analysis of these differential genes showed that the enriched biological processes included response to unfolded protein, response to topologically incorrect protein, chaperone-mediated protein folding, cellular response to unfolded protein, protein refolding. Affected cell components included extracellular matrix, endoplasmic reticulum lumen, cell projection membrane. Impacted molecular function included protein binding involved in protein folding, unfolded protein binding, misfolded protein binding and chaperone binding (Fig. [4](#Fig4){ref-type="fig"}a). All the results indicated that changes induced by ROR2 overexpression involved unfolded protein response (UPR). UPR is a mechanism responding to endoplasmic reticulum stress (ERS). Then we detected the expression of ERS relevant proteins in three HGSOC cell lines. As shown in Fig. [4](#Fig4){ref-type="fig"}b, ERS related proteins like BIP and phosphorylated IRE1α were upregulated by ROR2 overexpression. Furthermore, the pro-death factors like CHOP, phosphorylated JNK and phosphorylated c-Jun in the ROR2-overexpression group were significantly higher than the NC group (Fig. [4](#Fig4){ref-type="fig"}b, c). All the results indicated that ROR2 overexpression could induce ERS and modulate IRE1α/JNK/CHOP signalling, further causing apoptosis.Fig. 4ROR2 overexpression activated IRE1α/CHOP/JNK pathway. **a** Gene ontology analysis was performed in ROR2-overexpressed HO-8910 cells compared to negative control cells. Top ten enriched biological processes, cell components and molecular functions was shown. **b** Cells were transfected with ROR2 overexpression or negative control adenovirus for 72 h. Expression of ROR2, IRE1α, phosphorylated IRE1α, CHOP, JNK, phosphorylated JNK, c-Jun, phosphorylated c-Jun was determined by western-blot assay. β‑actin was used as a loading control. **c** Quantitation of wester-blot assay bands shown in **b** using Image J. Statistical analysis was performed using Student's *t* test. *NC* negative control, *p-IRE1α* phosphorylated IRE1α (Ser724), *p-JNK* phosphorylated JNK (Thr183/Tyr185), *p-c-Jun* phosphorylated c-Jun (Ser73). All experiments were repeated three times at least. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 for statistical analysis of the indicated groups

IRE1α knockdown reversed the apoptosis and activation of IRE1α/JNK/CHOP pathway induced by ROR2 overexpression {#Sec24}
--------------------------------------------------------------------------------------------------------------

To further examine whether pro-apoptosis effect of ROR2 was achieved via IRE1α/JNK/CHOP signalling pathway activation, siRNA targeted IRE1α was used to perform the rescue experiment in cells overexpressed ROR2 and corresponding NC cells. The western-blot assay showed nearly 70% of IRE1α expression was suppressed with two sequences (Fig. [5](#Fig5){ref-type="fig"}a). We chose the most effective one to do the following experiments. Cells pre-transfected with si-IRE1α or si-NC for 24 h were transfected with ROR2 overexpression or NC adenovirus for following 48 h. Then cells were collected for flow cytometry assay and western-blot assay. We found IRE1α knockdown could alleviate the apoptosis of cells induced by ROR2 overexpression (Fig. [5](#Fig5){ref-type="fig"}b). IRE1α knockdown could significantly down-regulate the level of p-IRE1α induced by ROR2 overexpression, therewith strongly inhibited JNK and c-Jun phosphorylation from IRE1α hyperactivation. Moreover, proteins related with apoptosis were detected by western-blot. The change of Bcl-2 and Bax induced by ROR2 were reversed by IRE1α knockdown. IRE1α knockdown could also significantly inhibited caspase3, caspase7 and PARP cleavage upon ROR2 overexpression (Fig. [5](#Fig5){ref-type="fig"}c, d).Fig. 5IRE1α knockdown reversed the apoptosis and activation of IRE1α/JNK/CHOP pathway induced by ROR2 overexpression. **a** Expression of IRE1α in HEY and HO-8910 cells were determined by western-blot assay after transfected with si-IER1α or si-NC for 72 h. β‑actin was used as a loading control. **b** HEY and HO-8910 cells were transfected with ROR2 or NC adenovirus for 48 h after pre-transfected with si-IRE1α for 24 h. Apoptosis was detected by flow cytometry after staining with FITC Annexin-V and PI. Quantitive analysis of apoptotic ratio in HEY and HO-8910 cells with CellQuest Pro software. Statistical analysis was performed with GraphPad Prism using Student's *t* test. **c** HEY and HO-8910 cells were transfected with ROR2 or NC adenovirus for 48 h after pre-transfected with si-IRE1α for 24 h. Expression of ROR2, IRE1α, phosphorylated IRE1α, CHOP, phosphorylated JNK, phosphorylated c-Jun, Bax, Bcl-2, cleaved caspase3, cleaved caspase7, and cleaved PARP were determined by western-blot assay. β‑actin was used as a loading control. **d** Quantitation of western-blot assay bands shown in **c** using Image J. Statistical analysis was performed using Student's *t* test. *NC* negative control, *p-IRE1α* phosphorylated IRE1α (Ser724), *p-JNK* phosphorylated JNK (Thr183/Tyr185), *p-c-Jun* phosphorylated c-Jun (Ser73). All experiments were repeated three times at least. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 and \*\*\*\**P\<* 0.0001 for statistical analysis of the indicated groups

Kira6 reversed the apoptosis and activation of IRE1α/JNK pathway induced by ROR2 overexpression {#Sec25}
-----------------------------------------------------------------------------------------------

As IRE1α triggers cell apoptosis via its RNase \[[@CR27]\], Kira6, an IRE1α's RNase inhibitor, was used to further verify the above-mentioned results. Cell viability was assayed with the MTT assay after treated with Kria6 for 72 h. Kira6 under 8 μM did not show significant effects on the viability of cells. After pre-transfected with ROR2 overexpression or negative control adenovirus for 6 h, 2 μM Kira6 was added into the culture medium. The cells were subjected to further incubation for 72 h for flow cytometry assay and western-blot assay. Kira6 could alleviate ROR2 induced apoptotic response in HEY and HO-8910 cells as shown by flow cytometry assay (Fig. [6](#Fig6){ref-type="fig"}a). The western-blots assay showed Kira6 not only reversed the activation of IRE1α/JNK pathway, but also significantly reversed the change of apoptosis related proteins induced by ROR2 (Fig. [6](#Fig6){ref-type="fig"}b, c). However, the upregulation of CHOP couldn't be significantly reversed by Kira6 treatment. Besides, the inhibition of PARP cleavage by Kira6 was not that significantly.Fig. 6Kira6 reversed the apoptosis and activation of IRE1α/JNK/CHOP pathway induced by ROR2 overexpression. **a** HEY and HO-8910 cells were treated with Kira6 for 72 h after pre-transfected with ROR2 overexpression or negative control adenovirus for 6 h. Apoptosis was detected by flow cytometry after staining with FITC Annexin-V and PI. Quantitive analysis of apoptotic ratio in HEY and HO-8910 cells with CellQuest Pro software. Statistical analysis was performed with GraphPad Prism using Student's *t* test. **b** HEY and HO-8910 cells were treated with Kira6 for 72 h after pre-transfected with ROR2 overexpression or negative control adenovirus for 6 h. Expression of ROR2, phosphorylated IRE1α, CHOP, phosphorylated JNK, phosphorylated c-Jun, Bax, Bcl-2, cleaved caspase3, cleaved caspase7, and cleaved PARP were determined by western-blot assay. β‑actin was used as a loading control. **c** Quantitation of western-blot assay bands shown in **b** using Image J. Statistical analysis was performed using Student's *t* test. *p-IRE1α* phosphorylated IRE1α (Ser724), *p-JNK* phosphorylated JNK (Thr183/Tyr185), *p-c-Jun* phosphorylated c-Jun (Ser73). All experiments were repeated three times at least. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 for statistical analysis of the indicated groups

ROR2 overexpression suppressed ovarian cancer growth in vivo {#Sec26}
------------------------------------------------------------

To further verify the effects of ROR2 on the proliferation assay of ovarian cancer cells, we used HO-8910 cells to construct stable overexpression cell model with Lentivirus PCMV-NC or PCMV-ROR2. 1 × 10^7^ cells in 100 μl PBS were injected subcutaneously into either side of the armpit of the same 4-week-old nude female mice. Tumor sizes were measured every other day from the 10th day after injection. The volume and weight of tumors in the PCMV-ROR2 overexpression group were significantly lower than those in the PCMV-NC group (Fig. [7](#Fig7){ref-type="fig"}d--f). Western-blot assay and IHC assay further confirmed the successful overexpression of ROR2 in the ROR2 transfected group (Fig. [7](#Fig7){ref-type="fig"}g, h).Fig. 7ROR2 overexpression suppressed HGSOC cell growth in vivo. **a** Images of mice with subcutaneous xenograft tumor. **b** Images of tumors transfected with PCMV-ROR2 or PCMV-NC. **c** Images of xenograft tumors' HE staining. **d** The volumes of tumors with PCMV-ROR2 or PCMV-NC were measured and calculated every other day before the mice were sacrificed. The growth curves were analyzed using 2way ANOVA test. **e**, **f** The volume and weight of the formed tumors transfected with PCMV-ROR2 or PCMV-NC were compared using Student's *t* test. **g**, **h** Western-blot assay and IHC assay were used to detect the protein levels of ROR2 in the formed tumors. β‑actin was used as a loading control in western-blot assay. The intensities of IHC staining were quantitated by Image-Pro Plus 6.0. IHC scores were analyzed with Student's *t* test. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 and \*\*\*\**P\<* 0.0001 for statistical analysis of the indicated groups

Discussion {#Sec27}
==========

ROR2, one of the ROR RTKs, has been brought into focus in cancer field during the past decades. ROR2 was initially found to play critical role in embryo development, like heart, lung, limbs and brain \[[@CR5], [@CR28], [@CR29]\]. Mutations of ROR2 could result in human genetic disorders, like Robinow syndrome and brachydactyly type B (BDB) \[[@CR30]--[@CR33]\]. However, the role of ROR2 in human adult tissues has been hardly researched. As the study processed, more and more evidences indicate the complexity of the role of ROR2 in tumor initiation and progression. Upregulation of ROR2 in osteosarcoma, melanoma, renal cell carcinoma, chemoresistant ovarian cancer and the relationship with higher risk diseases defined it as a tumor promoter in early studies \[[@CR11], [@CR13], [@CR34], [@CR35]\]. Nevertheless, mass of contrary results brought the tumor promoter definition of ROR2 into controversy. Lara et al. \[[@CR14]\] found ROR2 was frequently repressed by promoter hypermethylation in colon cancer cells and tissues and the repression had a tumor-promoting effect. Then Sean et al. \[[@CR15]\] corroborated the conclusion. O'Connell et al. \[[@CR13]\] reported ROR2-positive melanoma cells had phenotypes of more invasiveness but less proliferation. Li et al. \[[@CR26]\] demonstrated ROR2 was frequently methylated in common carcinomas and worked as a tumor suppressor. Ming et al. \[[@CR16]\] found ROR2 loss in hepatocellular carcinoma was associated with poor prognosis. Findings above indicated ROR2 played dual roles in tumors depending on the tumor type and tumor context.

In this report, we demonstrated that HGSOC patients with advanced stages were prone to expressed lower ROR2. Restoration of ROR2 in HGSOC cells could repress cell proliferation and induce cell apoptosis. Meanwhile, we also detected the change of invasion and migration abilities in ROR2 overexpression cells. Interestingly, while we found ROR2 overexpression repressed the invasion and migration abilities of EOC cells, the EMT associated protein like N-cadherin, Keratin and Vimentin were hardly changed. Considering the result that ROR2 overexpression could repress EOC cell viability, we speculated that the repression of invasion and migration was on account of decreased cell viability rather than reversion of EMT.

To clear the underlying mechanism of ROR2 in our study, whole transcriptome analysis was used to identify the differentially expressed genes. Gene ontology enrichment analysis of these differential genes showed that the enriched biological processes included response to unfolded protein, response to topologically incorrect protein, chaperone-mediated protein folding, cellular response to unfolded protein, protein refolding. All the changes converged to a point that ROR2 overexpression could induce unfolded protein response.

Endoplasmic reticulum (ER) is an important organelle where proteins are modified, properly folded and calcium saved \[[@CR36], [@CR37]\]. Factors like calcium imbalance, inflammation, oxidative stress and so on induced accumulation of unfolded proteins in ER, consequently activating UPR. UPR is originally a mechanism to relieve endoplasmic reticulum stress \[[@CR38]\]. Three sensors, inositol requiring kinase1α (IRE1α), double-strand RNA-dependent protein kinase like ER kinase (PERK) and activating transcription factor (ATF6) are released from the binding protein BIP (also named glucose regulated protein 78kda, GRP78) upon UPR \[[@CR37]\]. BIP, as the major ER-resident chaperone, is widely used as an ERS biomarker. Adaptive UPR is required for endoplasmic reticulum homeostasis as it could enhance ER capacity and degrade unfolded proteins while uncontrolled and excessive ERS triggers programmed cell death \[[@CR38]\]. These three upstream sensors participate in processes of both adaption and destruction, demonstrating other factors are required to determine cell fate.

Several downstream effectors are involved in ERS induced apoptosis. One primary pro-apoptotic protein responding to both IRE1α and PERK (predominantly PERK) signalling pathway is C/EBP homologous protein (CHOP, also known as growth arrest and DNA damage153, GADD153 and DNA-damage inducible transcript 3, DDIT3) \[[@CR39], [@CR40]\]. CHOP is barely expressed in normal conditions. During cell stress, like persistent ERS, CHOP is revealed to be a pro-apoptotic transcription factor and plays vital role in ERS induced cell apoptosis \[[@CR41], [@CR42]\]. Mechanism underlying pro-apoptotic activity of CHOP includes binding to and regulating genes functioning in cell death, such as Bcl-2, Bim, Bax and Bad \[[@CR43]--[@CR45]\]. Another component involved in ERS mediated apoptosis is c-Jun N-terminal Kinase (JNK) and its canonical target c-Jun \[[@CR46], [@CR47]\]. ERS can lead to JNK phosphorylation which in turn activates c-Jun primarily via the IRE1α arm \[[@CR48]\]. Sustained activated JNK-c-Jun signalling give rise to pro-apoptotic protein Bax activation and pro-survival factor Bcl-2 inactivation, and induce cell apoptosis \[[@CR49]\]. In addition to interaction with Bcl-2 family, other effectors also participate in the ERS mediated apoptosis. Caspase cascades like caspase12, caspase9, caspase3 are also considered as important effectors in response to CHOP/JNK activation \[[@CR50]\]. In our study, cells transfected with ROR2 adenovirus for 48 h were used for whole transcriptome analysis, and the results converged to the activation of UPR. Considering the dual roles of UPR in cell fate determination, we used western-blot assay to detect ERS associated proteins in cells transfected with ROR2 for 72 h. Results showed that ROR2 overexpression could upregulate phosphorylated IER1α and BIP, demonstrating the activation of UPR, verifying the RNA sequencing results. Meanwhile, we also detected the expression of CHOP, phosphorylated JNK and phosphorylated c-Jun, and the upregulation of these factors confirmed the ERS mediated cell apoptosis, which was consistent with the flow cytometry assay results and expression changes of Bcl-2 family and caspase cascade. Here we further confirmed that ROR2 overexpression induced cell apoptosis accompanied with activation of IRE1α/JNK/CHOP signalling pathway were reversed by IRE1α knockdown. Meanwhile, rescue experiment was also successfully performed with Kira6, a novel IRE1α type II kinase inhibitor \[[@CR27]\]. However, the upregulation of CHOP couldn't be significantly reversed by Kira6 treatment as CHOP was mainly regulated by PERK \[[@CR27]\]. This might explain why Kira6 could only partially reversed the apoptosis, meanwhile indicated CHOP was another molecule leading to the ROR2 induced apoptosis. Along with development of researches, other CHOP/JNK mediated downstream effectors are newly recognized. Han et al. \[[@CR42]\] thought instead of directly inducing cell apoptosis, CHOP mediated cell death via increasing protein synthesis and causing ATP depletion and oxidative stress. Li et al. \[[@CR51]\] found CHOP could activate calcium-mediated apoptosis in macrophage via inducing transcription of Ero1α. Xu et al. \[[@CR52]\] concluded CHOP mediated cell death was achieved via directly regulation of miR-216b. Although ERS and its downstream cascades still require more research, the CHOP/JNK modulation induced cell apoptosis is already well-known.

Limitation of our research is that we didn't ascertain the bridge between ROR2 and ERS. In regard to the upstream executor of ERS, nutrient deficiency, enhancing Ca^2+^ influx, abnormal protein synthesis and so on are included. Considering that ER is a large reservoir of sequestered Ca^2+^ which plays a crucial role in correct protein folding and modification, loss of ER Ca^2+^ homeostasis inducing ERS is brought into focus. Mechanism how excessive Ca^2+^ release from ER is still poorly understood. In resting state, the concentration of Ca^2+^ in the endoplasmic reticulum was higher than that in the cytoplasm. Ryanodine receptor (RyR), inositol-1,4,5-triphosphatereceptor (IP3R) and Ca^2+^ pump are three channels controlling the release and intake of Ca^2+^ in ER. Thereinto, IP3R is the major intercellular Ca^2+^ release channel. Binding of IP3 initiates IP3R activation. As the concentration of IP3 increases, IP3 drives IP3R clusters formation and eventually allows recruitment of Ca^2+^ release, manifesting a way to induce Ca^2+^ imbalance \[[@CR53]\]. Chemicals like endothelin-1 and docosahexaenoic acid (DHA) have been reported to induce ERS via IP3-IP3R interaction \[[@CR54]--[@CR56]\]. Although there is no direct evidence testifying the bond of ROR2 and IP3-IP3R signalling, ROR2 involved Wnt/Ca^2+^ signaling pathway has been confirmed to lead to the production of IP3 and causing the Ca^2+^ release from ER \[[@CR57]\]. So, we speculate that ROR2 overexpression actives Wnt/Ca^2+^ signalling pathway, upregulates IP3, releases Ca^2+^ from ER, induces ERS and eventually results in cell apoptosis.

Conclusions {#Sec28}
===========

We found ROR2 was downregulated in HGSOC tissues and its expression was correlated with FIGO stages. Overexpression of ROR2 in HGSOC cells repressed cell proliferation and induced cell apoptosis. We also found ROR2 overexpression could activate IRE1α/JNK/CHOP pathway, which might be the underlying mechanism how ROR2 induced cell apoptosis. Further studies on the relevance of ROR2 and ERS are urgently required to better understand the mechanism of ROR2. All our findings revealed a novel character ROR2 played in HGSOC.
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**Additional file 1: Figure S1.** ROR2 overexpression inhibited invasion and migration of HGSOC cells. A. Images of HEY, OV-90 and HO-8910 cells invading or migrating through the collagen membrane (×100 magnification). B. Quantification of HEY, OV-90 and HO-8910 cells invading or migrating through the collagen membrane. Statistical analysis was performed using Student's *t* test. C. Markers associated with EMT in HEY, OV-90 and HO-8910 cells, respectively. β‑actin was used as a loading control. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 and \*\*\*\**P*\<0.0001 for statistical analysis of the indicated groups. **Additional file 2: Figure S2.** Differentially expressed genes in ROR2-overexpressed HO-8910 cells compared to negative control cells. A. Volcano plot of differential expression results (up-regulated genes are in red; down-regulated genes are in green). B. Heatmap of differentially expressed genes.

ATF

:   activating transcription factor

BDB

:   brachydactyly type B

CHOP

:   C/EBP homologous protein

DDIT3

:   DNA-damage inducible transcript 3

DHA

:   docosahexaenoic acid

ER

:   endoplasmic reticulum

ERS

:   endoplasmic reticulum stress

FIGO

:   International Federation of Gynecology and Obstetrics

FITC

:   fluorescein isothiocyanate

GADD153

:   growth arrest and DNA damage153

GRP78

:   glucose regulated protein 78kda

HGSOC

:   high-grade serous ovarian carcinoma

IHC

:   immunohistochemistry

IP3R

:   inositol-1,4,5-triphosphatereceptor

IRE1α

:   inositol requiring kinase1α

JNK

:   c-Jun N-terminal Kinase

NC

:   negative control

PERK

:   protein kinase like ER kinase

PI

:   propidium iodide

PMSF

:   phenylmethanesulfonyl fluoride

RORs

:   receptor tyrosine kinase-like orphan receptors

RTKs

:   receptor tyrosine kinases

RyR

:   Ryanodine receptor

siRNA

:   small interfering RNA

SEM

:   standard error of mean

UPR

:   unfolded protein response

**Publisher\'s Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

**Supplementary information** accompanies this paper at 10.1186/s12967-019-02178-x.

The authors would like to thank the patients providing tissue samples and mice sacrificed in this research for their contribution to our work.

RL, HLM and PSL designed the research process. RL, WQL and JJS performed the experiments. TFL, XW and HLM analyzed the data. RL, TFL and HLM wrote the paper. All authors read and approved the final manuscript.

This work was supported by China Postdoctoral Science Fund (21510077311145 and 21300076311047), Natural Science Foundation of Shandong Province (ZR2016HM27) and Science Foundation of Qilu Hospital of Shandong Province.

Not applicable.

The animal experiment was approved by the Experimental Animal Ethics Committee of Qilu Hospital of Shandong University (Approval number: KYLL-2016-338).

Not applicable.

The authors declare that they have no competing interests.
